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Abstract: The film forming condition may transit into thin film lubrication (TFL) at high speeds when it is under
severe starvation. Central film thicknesses and film thickness profiles are obtained via a technique of relative
optical interference intensity. These profiles show a critical film thickness lower than which the absolute values of
the film thickness gradient against speed or time decrease. It is possible to be in the thin film lubrication mode
under such conditions. The high speed flow drives the lubricant molecules to rearrange in TFL and critical film
thickness higher than 100 nm is achieved. The viscosity is one of the main factors controlling the decreasing rate and
the critical film thickness. This paper is designed to investigate the thin film lubrication behavior at high speeds.
Keywords: thin film lubrication; thin EHL film; high speeds; starvation
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Introduction

In a nanoscale the lubrication behavior may be
determined by both physical characteristics of the
lubricant and the interaction between lubricant
molecules and solid surfaces. It is defined as thin film
lubrication (TFL) [1−4], which is a transition between
elastohydrodynamic lubrication (EHL) [5−7] and
boundary lubrication (BL) [8, 9]. In TFL ordered layers
are formed essentially by aligned molecules driven
by shearing or flowing in a confined space and these
layers determine the behavior of the lubrication as
has been proven both theoretically and experimentally
[1−4, 10, 11]. It results in higher effective viscosity as
well as thicker film thickness in TFL compared with
that of absorbed layers in BL as long as the shear
rate is less than the critical value of approximately
106–108 s−1 for shear thinning in confined lubricants
[12]. Furthermore the side leakage and fluidity are
minimized compared with EHL. Some factors like an
external electrical field that have the ability to change
the orientation of molecules can also change the film
thickness and friction characteristics in TFL [13].
Most of the researches on thin film lubrication have

been conducted under very low speed, for instance
10 mm/s, in order to reach the necessary nanoscale. It
is hypothesized that there can be thin film lubrication
at high speeds as long as the two friction surfaces are
close enough to form a nano gap of tens of nanometers.
Such condition is normally one of severely starved
lubrication. The published researches on starvation
mainly focus on the declining flow and the starvation
degree [14−16]. The relationship between the inlet
replenishment and the central film thickness was
studied [17, 18]. The inlet replenishment is mainly
driven by surface tension as well as van del Waals
force which might be important for an extremely thin
film [19, 20]. The asymmetric film thickness distribution
induced by the centrifugal effects must be considered
for high speeds [16, 21]. The lubrication condition and
the characteristics in TFL at high speeds still need to
be investigated as the film thickness falls down to
tens of nanometers.
In the current work, the study of thin film lubrication
is extended to high speeds and the basic properties
for thin film lubrication are proposed for these highspeed conditions. The influence of factors like the
viscosity, speed, and oil supply is investigated.
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Nomenclature
EHL
TFL
BL
t0
η0
u
u1, u2
E’
pH
b
h
hc
hcff

Elastohydrodynamic lubrication
Thin film lubrication
Boundary Lubrication
Operating temperature (K)
Ambient viscosity (Pa·s)
Lubricant entrainment speed, u = (u1 + u2)/2
Surface velocities of disc and ball (m/s)
Reduced modulus (Pa)
Maximum Herzian pressure (Pa)
Theoretical Hertz contact radius (m)
Lubricant film thickness (m)
Central film thickness (m)
Central film thickness under fully flooded
lubrication (m)
The wavelength of the incident light
The reflective index of lubricant

λ
k

2

Experimental condition

All the tests were conducted at up to 30 m/s on a
custom made high-speed ball-on-disc test rig whose
properties and functions were first introduced in Ref.
[16]. A highly polished ball was loaded normally on a
disc coated with a chromium layer. The roughnesses of
the ball and the disc were 5 nm and 3 nm, respectively.
Compared to the tens of nanometers of the film
thickness formed between the ball and the disc, the
influence of the roughness could be ignored. The ball
and the disc were driven by high-speed spindles
and the rotating speeds were controlled individually.
The oil was introduced through near the contact inlet
employing an oil-jet system. All tests were carried out
at pure rolling and at a constant load of 15 N such
that the maximum Hertz pressure in the contact zone
was approximately 431 MPa. The room temperature
was a constant 25 °C. Table 1 shows the material
Table 1

n
I, Imax, Imin
I
I0

nd
t
r
ψ, ψ1, ψ2

λt

The interference order
The light intensity, the maximum and
minimum interference light intensity
The relative interference light intensity
( I  (2 I  I max  I min ) / ( I max  I min ))
The relative light intensity of zero film
thickness
The revolution of disc
The time for operating the test
The radius of the oil track on the disc
The decreasing gradient of film thickness
against entrainment speed defined in
Eq. (2)
The decreasing gradient of film thickness
against time defined in Eq. (4)

properties of the balls and discs used in the tests. The
coated glass disc gives optical access to the contact so
that the relative optical interference intensity (ROII)
technique [2, 13] can be utilized to measure the film
thickness. The following equation [22] was used to
determine the film thickness in the contact zone:
h

 


nπ 
 n  sin
  π  arccos( I )  cos nπ  arc cos( I 0 )
4πk 
2 

(1)

where λ, k, and n represent the wavelength of the
incident light, reflective index of lubricant and interference order respectively. I, Imax and Imin are the light
intensity, and the maximum and minimum interference
light intensity, respectively, I is used as the relative
interference light intensity ( I  (2 I  I max  I min ) /
( I max  I min )) and I0 represents the relative light
intensity of zero film thickness.

Operating conditions for measurements.

Operating
conditions
Material
properties

Load (N)

E’ (GPa)

pH (MPa)

b (μm)

t0 (°C)

15

117

431

128

25

Material

Radius (mm)

Roughness (nm)

Ball

Steel

11.1125

5

Disc

Glass with Cr coating

45

3
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Three viscosities of polyalphaolefin (PAO) oil were
used in the test and their physical properties measured
by a viscometer (Anton Paar, Austria) are shown in
Table 2.
Table 2

Lubricant properties (t0 = 25 °C).

η0 (mPa·s)
3

ρ (kg/m )

3
3.1

PAO2

PAO4

PAO8

6.96

29.59

86.55

798.8

819.0

832.6

Results
The film forming under severe starvation at
high speeds

Figure 1 shows the measured central film thickness
under fully flooded lubrication and under starved
lubrication at speeds up to 30 m/s on the dual
logarithmic coordinate. Three kinds of oil with various
viscosities were tested (shown in Table 2).

For fully flooded lubrication, the central film
thicknesses increase with speed and can achieve
hundreds of nanometers. It is under elastohydrodynamic
lubrication (EHL) as the typical horseshoe-shaped
film thickness distribution can be obtained from the
interference images shown in Ref. [16]. At very low
speed, the central film thickness deviates from the
traditional Hamrock-Dowson curve, which shows
transition from EHL to TFL. The critical film thickness
is approximately 50 nm at 30 mm/s for PAO8.
For starved lubrication, the central film thicknesses
starts to decrease exponentially with speed beyond
a critical speed and can be divided into two stages
(shown in Fig. 1(a)). The second stage occurs when
the film thickness reaches a low value beyond which
the film thickness decreases more slowly against the
entrainment speed. In order to compare the decreasing
rate for the two stages, the decreasing gradient of
central film thickness against entrainment speed is
defined as


 h1 
 u1  
 / log   
 h2 
 u2  

  abs log 


(2)

The parameter ψ at two stages (named as ψ1 and
ψ2) is found using curve fitting. A higher value of ψ
represents a quicker decreasing rate. The shifting of
the parameter ψ suggests that the lubrication condition
might transition from EHL into thin film lubrication.
Figure 2 compares the trend of critical central film
thickness and the parameter ψ as function of viscosity.

Fig. 1 Measurements of fully flooded and starved central film
thickness for a range of speeds, pure rolling, pH = 431 MPa, t0 =
25 °C, oil supply: 4.25 mL/s for fully flooded lubrication and
0.85 mL/s for starved lubrication.

Fig. 2 Change of critical film thickness and the paramter ψ against
viscosity for starved lubrication, pure rolling, pH = 431 MPa, t0 =
25 °C, oil supply: 0.85 mL/s.
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The critical film thickness shows a slight lowering,
from 190 nm to 150 nm with decreasing viscosity. For
one specific oil, the value of ψ2 is smaller than that
of ψ1, which shows that the decreasing rate of film
thickness against entrainment speed is slowed. Using
PAO8 as an example, it can be seen from Fig. 2 that
the value of ψ2 is 0.54, one-fifth of the value of ψ1.
Furthermore, the changes of ψ1 and ψ2 show the
opposite trend against increasing viscosity. The two
stages might be influenced by different mechanisms.
In stage I, the higher viscosity oil achieves a higher
absolute value of ψ1. The main factor should be the
centrifugal effect [21]. The centrifugal force is a bulk
force mainly determined by the mass and the rotating
speed. The oil with higher viscosity gets a higher
mass since the film thickness increases at a certain
speed. This leads to a stronger centrifugal effect.
The centrifugal force has the ability to weaken the oil
replenishment and to accelerate the reduction of film
thickness under starved lubrication as it can drive
off the oil near the inlet zone and accelerate the side
leakage. Therefore in stage I the change of film
thickness is mainly determined by the lubricant bulk
properties. On the contrary in stage II, the higher
viscosity oil gets a lower value of ψ2. This might be
controlled by both the lubricant properties and the
interfacial force between the lubricant molecules and
the solid surface as the centrifugal effects are weakened
for such thin film thickness.
Mid-plane film thickness profiles both parallel to
and perpendicular to the entrainment speed direction
are shown in Fig. 3. For the film thickness profiles
parallel to the entrainment speed direction, the film
shows to be flat in the center and the minimum film
thickness appears near the outlet zone of the contact.
These are important characteristics for EHL lubrication.
In stage I of starvation, the film thickness decreases
but still maintains the character of EHL, although the
deviation of minimum film thickness and the central
film thickness is getting smaller. In stage II of starvation,
the reduction of film thickness near the outlet zone
disappears. The whole profile shows to be flat. For the
film thickness profiles perpendicular to the entrainment
speed direction, the film thickness is convex in the
center, and the film thickness at the edge of the contact
zone decreases. As the film thickness is reduced, the
film thickness profiles become flatter. It shows that

Fig. 3 Mid-plane film thickness profiles (a) parallel to and (b)
perpendicular to the direction of entrainment speed under starved
lubrication. The perpendicular axis is along the direction of
centrifugal forces. Pure rolling, pH = 431 MPa, t0 = 25 °C, oil
supply: 51 mL/min, PAO8.

the side leakage is weakened to an extent and the flow
law may not fit this kind of condition.
At high speeds and under starved lubrication
conditions the critical film thickness of approximately
170 nm is much higher than the typical transition
film thickness of less than 100 nm at lower speeds,
although it still shows the characteristics of thin film
lubrication. Figure 4 shows the measured film thickness
of various oil supplies under starved lubrication for
PAO8. It can be seen that the starvation starts at lower
entrainment speed for a lower oil supply. Furthermore,
it shows two stages in the starvation region as the
deviation between ψ1 and ψ2 still exists as shown in
Fig. 5. The reduction of oil supply makes the critical
film thickness of stage II slowly decrease. However,
it does not change the opposite trend of ψ1 and ψ2
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The film thickness is expected to decline all the time
following the reduction of inlet replenishment. The
fitting curves are drawn based on the following
equation, first proposed by Chevalier et al. [18]
and modified by Liang et al. [21] considering the
replenishment and the centrifugal effects.
R(nd ) 
R(t ) 

Fig. 4 Measurements of starved film thickness for three different
oil supply rate, pure rolling, pH = 431 MPa, t0 = 25 °C, PAO8.

1


cn nd  1 / r0

(3)

1


ct t  1 / r0

where R  hc / hcff , cn  (2πr / u)ct . nd and t stand for
the revolution of the disc and operating time. Parameter
ct represents the asymptotic film thickness decay rate
and parameter  physically means the side flow.
It appears that at a film thickness of approximately
100 nm, the declining rate of film thickness against
time slows down. Therefore, the film thickness is
subdivided into two stages as shown in Fig. 6. In
stage I, the reduction of film thickness can be described
by Eq. (3); while in stage II, the film thickness deviates
from the fitting curves proposed by Eq. (3) and
decreases exponentially with time. A uniform parameter
λt is defined to describe this decreasing gradient of
film thickness against time in stage II.


 h1 
 t1
 / log 
h
 2
 t2

t  abs log 

Fig. 5 Changes of the paramter ψ in stage I (ψ1) and stage II (ψ2)
against oil supply rate, pure rolling, pH = 431 MPa, t0 = 25 °C,
PAO8.





 

(4)

against entrainment speed, as the value of ψ1 increases
with oil supply while the value of ψ2 decreases with
oil supply. It shows that the properties in stage II,
which are supposed to be in TFL, cannot be determined
by oil supply.
3.2

The film forming behavior for limited oil
supply at high speeds

In the above tests, the oil was supplied continuously
for both fully flooded lubrication and starved
lubrication. In this section, supply of oil was controlled
and it was observed that film thickness gradually
decreased against time from fully flooded lubrication
to severe starvation after the oil supply was suspended
as shown in Fig. 6 for oil of various viscosities at 30 m/s.

Fig. 6 Measurements of starved central film thickness against
time after the oil supply is suspended for three different oil, pure
rolling, pH = 431 MPa, t0 = 25℃.
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It is noted that the oil with higher viscosity gets
a higher value of critical film thickness and a smaller
λt as shown in Fig. 7. The critical film thickness
in this condition is less than 100 nm. The parameter
λt increases with increasing viscosity, which is a
trend similar to that of the parameter ψ2 in the last
section.
Figure 8 shows the film thickness declining with
time after the oil is stopped for PAO2 with different
speeds from 10 m/s to 30 m/s. The experimental results
indicate that the film thicknesses diverge and get
thicker from the general fluid theory when a critical
film thickness is reached.

Fig. 7 Changes of critical filmthickness and the parameter λt
against oil viscosity, pure rolling, pH = 431 MPa, t0=25 °C, PAO8.

Fig. 8 Measurements of starved central film thickness against
time after the oil supply is suspended for a range of speeds, pure
rolling, pH = 431 MPa, t0 = 25 °C, PAO2.

4 Discussion
As a conclusion of the above tests, it is shown that
the film thickness in starved lubrication can always
be subdivided into two stages. In stage I, the film
thickness decreases with entrainment speed or time
following the starvation theory. The film thickness
can be controlled by the hydrodynamic effects and
the bulk properties of the oil. In stage II, the film
thickness deviates from the classical theory, it decreases
slower with entrainment speed or time. Both of these
results indicate that the lubrication transits from EHL
to thin film lubrication condition.
As a transition region between EHL and BL, both
the dynamic film and the ordered lubricant film exist
in the thin film lubrication condition. The ratio of
ordered film layer to the whole film thickness rises
largely enough as the film thickness decreases to
nanoscale so that the influence of the ordered film
layer can no longer be ignored.
It can be explained by the increasing effective
viscosity mainly due to the formation of ordered
molecule layers. The aligned layers are caused by
both of the lubricant properties and the interfacial
forces between the lubricant molecules and the solid
surface.
There are two main forces affecting the lubricant
molecules. One is the driven force, parallel to the
entrainment speed. The shearing effects or high
speed flow rate can drive the molecule to move in the
same direction of flow. The other is vertical to the
entrainment speed. It is the interfacial force between
the lubricant molecules and solid surfaces that aligns
the molecules to the solid surface. Under such confined
actions, the lubricant molecules near the solid surface
can be organized as solid-like which achieve a higher
effective viscosity than the bulk viscosity.
The characteristics for thin film lubrication at high
speeds are shown as follows.
It is possible that the high speed flow rate is the
main driving force for aligning the molecules at high
speeds. In EHL theory, the dynamic flow governs
the characteristics of lubrication and film forming, so
the adhesive film and the aligned molecular layer
are relatively thin and can be ignored. In thin film
lubrication, both the ordered layer and the dynamic
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flow layer exist. The ordered degree of the ordered
layer decreases gradually from the surface to the
fluid film. The influence of the ordered layer is strong
enough to change the properties of film forming. The
critical film thickness for PAO8 oil at lower speeds
under fully flooded lubrication is about 50 nm. The
experimental results at pure rolling show that the high
speed flowing rate might have the ability to drive
molecules to arrange the direction and the ordered
layer can influence the lubrication characteristics at
a higher film thickness as the critical film thickness of
TFL at high speeds is increased, for instance, 58 nm
for PAO2 and 93 nm for PAO8 with a limited oil
supply.
The critical film thickness and decreasing gradient
are influenced by viscosity, which differs from that
under EHL. According to general fluid theory, high
viscosity may help prevent oil from replenishing, and
then the film thickness decreasing gradient against
speed or time would be enhanced. Besides, the high
viscosity oil will undergo high centrifugal effects under
the same speed, which also intensify the film thickness
reduction under starved lubrication. However, in
thin film lubrication, it shows the opposite trend. Oil
with higher viscosity gets higher effective viscosity,
decreases with speed or time more slowly on the
contrary and keeps thicker film thickness. The flat
film thickness profile suggests that the side leakage is
weakened.

5 Conclusion
In this study, the measurement of decreasing film
thickness under constant oil supply or constant speed
is discussed. The results show the characteristics of
thin film lubrication under severe starvation at high
speeds when the film thickness is less than a critical
film thickness. Driven by high speed flow, ordered
layers are formed, which determine the lubrication
behavior in thin film lubrication by increasing the
effective viscosity. The study shows that in these
conditions the critical film thickness is lower than that
under lower speeds and in fully flooded condition.
The viscosity influences the decreasing gradient of
film thickness against entrainment speed and time.
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